The crossed-lamellar structure is known to exhibit a fantastic microarchitecture and excellent fracture resistance. Despite a similar morphology, this structure belongs to a family of homeomorphic microstructures with complex and varied crystallographies. In the present study, the crystallographies of different parts in Cymbiola nobilis shell were studied. The width of the first building blocks becomes increasingly thicker from the top to bottom of inner and middle layers. All the crystallites tend to align their c-axes towards the shell surface, and two twinned crystals share the c-axis at the top of inner and middle layers, while at the bottom the 001 pole figure shows two orientation components with c-axes inclined, and four preferential b-axis orientations distributed into two pairs. Texture analysis provides important information about the nature of shell growth, and suggests that the shape of the building blocks may be controlled by the crystallographic arrangement during the aragonite deposition.
It is well known that Nature exhibits a rich diversity, and ³8.74 million species of eukaryotes exist on Earth. 1) Actually, the biodiversity is reflected not only by the number of species, but also by the types of microstructures of biomaterials, which usually extend over several distinct length scales. For example, in mollusk shells there are several commonly recognized microstructures, including nacreous, foliated, prismatic, homogeneous, crossed-lamellar and complex crossed lamellar structures, as well as various combinations of these microstructures. 2) In recent years, mimicking the structural features of shells has become a fascinating and thriving area.
3)7) However, our knowledge is limited on how mother Nature is used to fabricate the shell structures, which is of vital importance for the design of highperformance bioinspired materials.
In general, biological shells are hierarchically structured. For example, one of the most complicated hierarchical structures is the crossed-lamellar structure. 8) Specifically, this structure is normally stacked by three-order lamellae, i.e., the 1st-order lamellae are composed of the 2nd-order lamellae that further consist of the parallel 3rd-order lamellae. 9)12) With a relatively small amount of organic (0.11.0 wt.%), 13 ),14) a nanometer-sized growth control of the crossed-lamellar structure is achieved. Chateigner et al. 15) used X-ray diffraction (XRD) to determine the orientation distributions on 46 kinds of Mollusc shells, and pointed out that the microstructures with a similar morphology may have different crystallographic textures. Rodriguez-Navarro et al. 13) reported that there were two sets of twin laws at the lower (the 3rd-order lamellae) and higher (the 1st-order lamellae) length scales in the crossed-lamellar structure in Conus marmoreus shell. Almagro et al. 8) performed XRD and electron backscatter diffraction (EBSD) examinations on the samples of 20 species from Bivalvia and another 20 species from Gastropoda, and identified a detailed crystallographic diversity including nine types of texture patterns, which can be classified into five main groups with significantly different crystallographies. They also pointed out that the crossed-lamellar structure was not a single microstructure but rather a family of homeomorphic microstructures with complex and varied crystallographies. However, crystallographic studies on the crossed-lamellar structure are limited, although the crossed-lamellar structure layers exhibit the largest diversity in texture patterns. 15)20) Most studies were performed in different layers, but few in different parts of a single layer. Some investigators 13),20) observed that the texture changes along the thickness direction of a Conus marmoreus shell, but there is no detailed description about the variation of the crossed-lamellar structure. It is unclear whether this kind of variation is also present in other species, and the study about the relationship between the crystallography and microstructure is still limited. For this reason, we selected another shell named Cymbiola nobilis in the present work, and the preferred orientations of crystallites in different parts of a single layer in this shell were evaluated via XRD in order to obtain the detailed crystallographic information, which is worth exploring for further understanding of the growth mechanism and biodiversity of seashells.
The C. nobilis shell, which belongs to the Gastropoda class, was selected as the target material in the present work. For all analyses, the principal directions within the shells were defined by LD, TD and ND, which stand for the longitudinal direction, the transverse direction (the growth direction), and the normal direction (i.e., the shell thickness direction), respectively, as indicated in Fig. 1(a) . Dry samples for the initial microstructural examinations on LD-ND and TD-ND cross sectional planes were cut via a slow diamond saw and then directly broken using a ³ pliers. The hierarchical structures present on the directly fractured surfaces were observed via a scanning electron microscope (SEM, JSM-6380LV). Phase composition analysis of powders and block samples was performed by XRD, where the powder sample was obtained by grounding shell samples with a mortar and then filtering by a sieve with an aperture of 45¯m. The block samples were ground up to 1200 grit emery paper.
Textures were analyzed using a PANalytical X-ray diffractometer (XRD) with Cu K ¡ radiation at 45 kV and 40 mA in a back reflection mode by measuring partial pole figures (PFs). The incident beam optic is monocapillary with a dimeter 0.3 mm which allows to perform texture analysis on a local position, and the diffracted beam optic is parallel pale collimator. Shell samples were polished using 1200 grit emery paper until they were as flat as possible. Attempt was made to achieve the samples from the top (close to the external surface of shell) and bottom (close to the internal surface of shell) parts along the ND of macrolayers with a thickness over than 200¯m. Subsequently, texture analysis was conducted on the LD-TD plane in each step. It should be noted that the defocusing stemming from the rotation of the XRD sample holder was corrected using the experimental data obtained from the diffraction of self-made powders. The stage of the cradle is tiled by an angle ¼ (up to ¼ = 70°) and rotated by ¤ systematically. The samples reference frame was chosen as the main shell directions (LD, TD and ND).
The shell of the studied species of C. nobili is composed of three superimposed crossed lamellar layers, including inner (I), middle (M) and outer (O) layers, as shown in Figs. 1(b) and 1(c). It is interesting to note that the 1st-order lamellae are all perpendicular to the shell external surface in all cases. Additionally, the arrangement orientation of the 1st-order lamellae in the middle layer is rotated by 90°with respect to those in the inner and outer layers, as seen from the morphologies in Figs. 1(b) and 1(c). Therefore, a macrolayer with the crossed-lamellar structure exhibits much different morphologies in two vertical cross sections due to the unique arrangement of this structure, i.e., one exhibits stacked 1st-order lamellae [herein named stacked plane, as shown in Fig. 1(d) ], and the other presents lamellae planes of the 1st-order lamellae [herein named tiled plane, as shown in Fig. 1(e) ]. On the stacked plane, it is noted that the geometry of the 1st-order lamellae is not regular. In some cases, lamellae are divided into two or three lamellae, and some very thin and short incomplete lamellae are inserted into the wider lamellae; meanwhile, some barb-like interlocks are extended out of some lamellae, as shown in Fig. 1(d) . Another interesting phenomenon is that the width of the 1st-order lamellae becomes thinner and thinner along ND, which is 4090¯m at the bottom, but 1545¯m at the top. Figure 1(f ) shows the 3D morphology of the crossed-lamellar structure in the inner layer, which clearly indicates the changes of the width of the 1st-order lamellae along ND. On the tiled plane, it can be seen that the 3rd-order lamellae are almost perpendicular to each other in the adjacent 1st-order lamellae, as shown in Fig. 1(e) . Figure 2 shows the XRD diffraction patterns of powder and block samples of C. nobili shell along different directions, respectively. From the diffraction pattern of powder sample, it can be seen that the mineral composition of C. nobili shell is only composed of aragonite calcium carbonite. However, the diffraction patterns of block samples show a big difference on different planes of samples. For example, on the LD-TD plane, the 012 peak is the strongest, while it disappears on the cross sections (LD-ND plane) of both inner and middle layers. Moreover, the stacked and tiled planes still exhibit much different diffraction patterns, indicating that the preferred orientations of the aragonite crystals are present markedly along different directions, namely, a strong texture exists in these planes.
The texture analysis was performed on the assumption of an orthorhombic lattice (symmetry: 2/m2/m2/m). The aragonite Figure 4 shows XRD-calculated PFs on different parts in the inner and middle layers, and it is worth noting that the inner and middle layers do exhibit the same structure but have a 90°rota-tion in the arrangement orientation of the building blocks even in the crystallographic scale. Two sets of 100, 010, 001, and 110 PFs [Figs. 4(b) 4(e)] were calculated at the top and bottom of inner (I-T, I-B) and middle (M-T, M-B) layers, respectively. At the top of middle layers [ Fig. 4(b) ], the 001 PF shows a maximum distribution in its center around 38 multiples of a random distribution (m.r.d.), meaning that almost all the crystallites tend to align their c-axes along the ND. There are four peripheral halfmaxima in both 100 and 010 PFs in the LD-TD plane, which are separated by an angular distance 64°. In contrast, at the bottom of middle layer, as shown in Fig. 4(c) , there are two 100 maxima but four 010 maxima, indicating that four preferential b-axis orientations are distributed into two pairs with the maxima of each pair at ³75°, as a sign of double twin-like pattern. These crystal arrangements are also observed at the top and bottom of inner layer, as shown in Figs. 4(d) and 4(e) . Furthermore, at the bottom of middle layer, the c-axes have a small tilting, splitting into smaller maxima. However, at the bottom of inner layer, the 001 pole figure shows two separated orientation components with c-axes being inclined and distributed around the ND with 30°b etween the two components. Figures 4(b) 4(e) also show the 110 patterns in the inner and middle layers, and it can be seen that the planes separating the 1st-order lamellae are {110} surfaces. Figure 5(a) gives the ideal schematic drawing of the microarrangement of the crossed lamellar structure, which includes three orders of lamellae. The {110} surfaces are within the planes of the 1st-order lamellae as evidenced by the above results in Fig. 4 . Almagro et al. 8) assigned the resulting patterns a threedigit code (a/b/c) to indicate the number of the preferential orientations for the a-, b-, c-axes. They distinguished nine patterns (including 3/3/1, 2/2/1,¨/¨/1, 1/2/2, 5/6/2, 2/1/2, 6/5/2, 4/4/2 and 2/4/2) from 49 sets of 100, 010, 001 PFs among 20 species in Bivalvia and another 20 species in Gastropoda. However, in the present shell two patterns 2/2/1 and 2/4/2 were observed even in a single layer, as shown in Figs. 4(b) 4(e). Specifically, it shows a 2/2/1 pattern at the top, but 2/4/2 at the bottom of both inner and middle layers.
For the 2/2/1 pattern, all alternating 1st-order lamellae have the same orientation for the c-axes, as schematized in Fig. 5(b) . Almagro et al. 8) concluded that for a/b/2 patterns each 001 maxima and its associated 100 and 010 maxima corresponded Journal of the Ceramic Society of Japan 125 [5] 419-422 2017 exclusively to one of the adjacent 1st-order lamellae, as confirmed by their EBSD analyses. Thus, the a-and b-axes have a 64°r otation with respect to the corresponding ones in the adjacent 1st-order lamellae. Obviously, these patterns correspond to a single {110} twin.
At the bottom of the inner layer, the patterns indicate that alternating 1st-order lamellae have different orientations for the c-axes, i.e., the crystal rotates about 15°along two opposite directions around a-axis in a single 1st-order lamella, thus two b-axes Texture analysis provides some valuable information about the nature of shell growth. It has been known that the CaCO 3 is deposited from the external to internal portions in each growth period. 24) Thus, in the present shell the crystallography changes during the deposition of aragonite in each layer, i.e., the crystals rotate around a-axis during the deposition in each 3rd-order lamella. From the morphologies, the width of 1st-order lamellae becomes thicker and thicker during the aragonite deposition, which may imply that the shapes of the 1st-order lamellae might be controlled by the crystallographic arrangement. Therefore, the crystallographic ordering changes during the deposition of aragonites, probably controlling the dimension of the building blocks.
In summary, the width of the first building blocks of Cymbiola nobilis shell becomes increasingly thinner along the ND, and the arrangement of the 1st-order lamellae in the middle layer has a 90°rotation with respect to those in the inner layer. The XRD analysis show that all the crystallites tend to align their c-axes towards the shell surface, and one pair of twins share the c-axis at the top. However, at the bottom the crystals have rotated around a-axes, resulting in the presence of four pairs of b-axes and two pairs of c-axes. Texture analysis provides some new insights about the nature of shell growth, and it indicates that the crystallographic arrangement changes even in a single layer during the aragonite deposition. 
